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Introduction 
 
The State of South Carolina, Department of Health and Environmental Control 
(SCDHEC) is charged through the SC Pollution Control Act and the Federal Clean Water 
Act with the responsibility to ensure that classified uses of State waters are maintained 
and that waters are free from pollutants in excess of State standards. Water bodies that 
fail to meet water quality standards, or support classified uses, are reported to the 
Environmental Protection Agency (EPA) on a biennial basis through the Section 305(b) 
report and the Section 303(d) list of impaired water bodies. Total Maximum Daily Loads 
(TMDLs) are required in all 303(d) listed water bodies. Crucial to any plan to achieve 
compliance with fecal coliform standards is an understanding of the probable sources of 
fecal coliform bacteria (e.g., human, domesticated animals, wild animals). Once 
identified, sources of NPS fecal coliform may be adequately mitigated through 
appropriate corrective action. However, conventional use of fecal coliform as an indicator 
of fecal contamination does not provide an indication of the source of 
contamination.Metagenomics (sequencing and analysis of DNA from environmental 
samples), polymerase chain reaction (PCR) and quantitative PCR (qPCR) are genetic 
methodologies that can be used for the identification of microbial organisms specific to 
potential sources of fecal coliform pollution. Metagenomic methods were used first to 
sequence DNA present in municipal wastewater and receiving stream water samples. 
These DNA sequences were then compared to available databases to identify known 
sequences. A literature search was conducted to determine if any known sequence is a 
likely genetic marker from a known microbial species. Once identified, qPCR 
methodology will then be used to quantify the presence of known genetic markers to 
further substantiate and confirm the presence of potential fecal coliform pollution 
sources.  
This assessment strategy was employed on an urban freshwater stream system, the lower 
Saluda River, from its “origination” from a major impoundment, to its confluence with 
the Congaree River. Three rounds of sampling were conducted during the months of June 
– August. 
 
Sample Collection 
Each water sample was collected in 2 L Sterile Nalgene sample bottles at surface (0.3 m) 
depth. 
Samples were iced and a temperature blank used to ensure that the samples were kept at 
the proper temperature. 
Lower Saluda River 
 
 
 
Saluda Sample Locations 
LS-01  – Upstream location - discharge from dam 
LS-02  – Mixing zone for municipal waste water facility 
S-287  – Stream through residential area no waste water discharges  
LS-03  – Downstream location – below multiple stream and municipal discharge inputs 
FS-Pre  – Municipal waste water facility before chlorination  
FS-Post – Municipal waste water facility after chlorination 
 
Upper May River 
 
 
 
May River Sampling Locations 
UM-01 – Headwaters of May River 
UM-02 – Downstream before first major residential creek confluence 
RD-01 – First major creek affected by residential runoff 
UM-02A – Approximate midpoint of stream reach before town of Bluffton, SC 
UM-03 – Just downstream of town 
NI-01 – Estuary Reserve used as a control 
 
 
Water Filtration 
• Water samples (1 L each) were filtered through 0.45 µm nitrocellulose 
filters to capture microorganisms, and filters were placed in 2 mL bead 
beating vials for DNA extraction. 
  
DNA Extraction 
• Bead beating vials were processed on a FastPrep (MP Biomedicals) 
instrument to disrupt the filter and attached microbial cells.  DNA was 
extracted using the DNEasy Plant Mini Kit (Qiagen) following the 
manufacturer’s protocol. 
 
PCR Amplification and Sample Pooling 
• For each sample, we amplified the 16S rRNA gene using a primer set 
similar to that described in Hamady et al. (2007) that was found to be 
well-suited for the phylogenetic analysis of pyrosequencing reads. 
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Experimental approach for identifying and quantifying gene 
targets of interest using Metagenomic sequencing and qPCR 
methodologies.  
Work Flow 
• The forward primer contained the 454 Life Sciences primer B, the broadly 
conserved bacterial primer 27F, and a 2-base linker sequence (“TC”). 
• The reverse primer contained the 454 Life Sciences primer A, the bacterial 
primer 338R, a “CA” inserted as a linker between the barcode and the 
rRNA primer, and a unique 12-bp error-correcting Golay barcode used to 
tag each PCR product PCRs consisted of 0.25 µL (30 µM) of each forward 
and reverse primer, 3 µL of template DNA, and 22.5 µL of Platinum PCR 
SuperMix (Invitrogen).  
• A composite sample for pyrosequencing was prepared by pooling 
approximately equal amounts of PCR amplicons from each sample. 
• Once quantified, the DNA was precipitated, centrifuged, and resuspended.  
The sample was sent to the Environmental Genomics Core Facility at the 
University of South Carolina (Columbia) for pyrosequencing on a 454 
Life Sciences Genome Sequencer FLX (Roche) machine. 
Phylogenetic Analyses 
• Sequences were processed and analyzed following the procedure 
described in Hamady et al. (2007). 
• Only those sequences >200 bp in length with an average quality score >25 
and no ambiguous characters were included in the analyses. 
• Sequences were assigned to samples by examining the 12-bp barcode. 
Phylotypes were identified by using megablast to identify connected 
components (nearest neighbor) sets of similar sequences.  
• A representative sequence was chosen from each phylotype by selecting 
the most highly connected sequence, i.e., the sequence that had the most 
hits more significant than the BLAST threshold to other sequences in the 
dataset.  
• The set of all representative sequences was aligned by using NAST 
(parameters: minimum alignment length, 190; sequence identity, 70%) 
with a PH lanemask (http://greengenes.lbl.gov/) to screen out 
hypervariable regions of the sequence. A relaxed neighbor-joining tree 
was built by using Clearcut, employing the Kimura correction.  
• Unweighted UniFrac was run by using the resulting tree and the sequences 
annotated by environment type. Taxonomic identity of the phylotypes was 
assigned with BLAST against the Greengenes database by using 
an E value cutoff of 1e-10 and the Hugenholtz taxonomy.  
• The statistical significance of differences in microbial community 
composition between sample categories was determined by using the G 
test on relative phylotype abundances. 
 
 
 
 
 
LS-03 shares similarity in bacterial community composition with LS-01 and LS-02 
(Nitrospira, Plantomycetes, TM7, Bacteroides, and Acidoabcteria) 
S-287 appears to have an influence on LS-03 
There is apparent temporal stability within locality (i.e. Jul/Aug/Sep for all LS sites tend 
to form cohesive/consistent groupings, including NI and May/RD). 
 
 
Principle Components Analysis 
 
Bacterial Community 
Composition 
 
 
There is much more uniformity in bacterial community composition in the May/NI (i.e. 
brackish/salt environs) compared to the relatively variable Saluda (i.e. freshwater). 
 
No real difference between FSPre/Post (at least based on the available data). These 
methodologies do not distinguish between living and dead cells. 
 
qPCR 
• Thermal cycling and fluorescence detection were carried out in the iQ5 
Real Time PCR detection system (Bio-Rad). 
• Genomic DNA or synthesized DNA standards were used to create 
quantification standards for generating a standard curve.  The cycle 
thresholds (CT) where sample fluorescence exceeds background 
fluorescence were recorded for the environmental samples and 
quantitative standards.  
• The numbers of gene targets were interpolated from the standard curve 
generated from the quantification standards in relation to their CT. 
qPCR Targets 
 
 Based on the sequencing results and reviews of the current literature, the 
following 4 targets were selected for qPCR assay development, with a primary goal of 
detecting human-specific sources of pollution. 
 
Universal Bacteroides 16S rRNA Gene (U.S. EPA 2010) 
 The Bacteroides group is a non-coliform bacterial group that has been proposed 
as an alternative indicator of fecal pollution.  Bacteroides are found exclusively in feces, 
animal rumen, and other cavities of humans and animals.  Members of the Bacteroides 
group are strict anaerobes and represent a much larger proportion of the fecal microbial 
population than the fecal coliform group. 
 
Human-specific Bacteroides 16S rRNA Gene (Bernhard and Field 2000, Kildare et al. 
2007) 
 Bacteroides have a high degree of host specificity that likely reflects differences 
in host animal digestive systems and coevolving with the host over time.  qPCR assays 
have been designed to specifically target a subset of the Bacteroides group that are 
believed to be found exclusively in humans.  This approach may provide insight into the 
relative contributions of specific hosts (e.g. humans) based on the number of host-specific 
Bacteroides markers detected in relation to the number of universal Bacteroides markers. 
 
Methanobrevibacter smithii nifH Gene (Johnston et al. 2010) 
 M. smithii is a methanogenic archaea found in humans that may be a useful 
indicator of sewage pollution in the environment.  It is believed that M. smithii may be 
highly specific to the human gastrointestinal system.  Although it is found in only 30% of 
individuals, it has been demonstrated that M. smithii is highly prevalent in mixed sewage. 
 
Lachnospiraceae 16S rRNA Gene (Newton et al. 2011) 
 Lachnospiraceae belong to the phylum Firmicutes and class Clostrida and are 
strict anaerobes.  Recent studies have suggested that members of the Lachnospiraceae 
family would be good targets for alternative indicators of human fecal pollution due to 
their abundance in waste water treatment plant influent and human fecal samples. 
 
 
Target DNA Concentrations 
 
 
The human-specific Bacteroides, Lachnospiraceae, and M. smithii targets were 
completely absent in all May River samples (data not shown). 
In the Saluda River sample set, the M. smithii target was only detected in the pre- and 
post- waste water treatment samples.  Increasing trends in the universal Bacteroides, 
human-specific Bacteroides, and Lachnospiraceae targets were observed going from 
upstream to downstream in the Saluda River. 
 
Conclusion 
 
Metagenomics 
Metagenomic sequencing of the 16S rRNA amplicon was analyzed using BLAST, 
Greengenes, etc., to derive and contrast the microbial community composition. There are 
a few assumptions that can be made when evaluating the principle component analyses 
and the phylogenetic histogram constructed from the sequences. 
The North Inlet and May River samples are significantly different from the Saluda River 
and municipal treatment plant samples (not unexpected). 
The Lower Saluda samples LS-01 and LS-2 are similar to each other, but different from 
the municipal treatment plant samples (FS-Pre and Post). The LS-03 samples were 
intermediate between the FS samples and the LS-01 and LS-02 sample clusters. 
qPCR 
Analyses of the samples for target human markers by qPCR sequencing also revealed 
differences between the estuarine and freshwater systems, and between the stations of the 
Lower Saluda River. 
There were no human specific markers detected in any North Inlet or May River sample. 
There were human specific markers detected in the Lower Saluda River, but only one 
instance of the Universal Bacteroides marker in Rawls Creek (S-287). 
There was an increase in concentration of each of the three markers detected in Lower 
Saluda River samples, going downstream from LS-01, to LS-02, to LS-03. 
 
Summary 
 
Little or no impact from human fecal pollution is indicated in the May River due to the 
absence of human specific markers. The similarity between bacterial communities in the 
North Inlet and the May River also tend to indicate minimal impact. This is unexpected, 
given the recent closure of shellfish beds in the Upper May River due to fecal coliform 
pollution. 
The increase in human markers in the Lower Saluda River, from upstream to 
downstream, indicates some level of human pollution. This increase in the concentration 
of human markers, especially from LS-02 to LS-03, may be due to additional inputs from 
municipal waste treatment plants located on tributary streams. The influence of tributary 
streams on the bacterial community composition of the Lower Saluda can be seen in the 
similarity of S-287 with LS-03. Future study will be focused on identifying human 
pollution inputs from tributary streams and differentiating between point and non-point 
sources of fecal pollution.  
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